Introduction
Drought is one of the natural disasters which can cause huge damage to agriculture and other economic and social activities of the human system, and considerable damage is also caused to the ecosystem. It fundamentally occurs as a result of weather extremes that are driven by natural variability and climate change and also stimulated by anthropogenic influences [1] . Drought occurs naturally in nearly all climatic zones as a result of the reduction of precipitation from normal amounts for an extended period of time [2] .
Drought is categorized into four types, namely, meteorological, agricultural, hydrological, and socioeconomic droughts [3] . Meteorological droughts are mainly determined on the basis of the degree of dryness in comparison to some normal quantity and the duration of the dry period.
Drought indices are a helpful tool for monitoring and evaluating the different kinds of drought since they facilitate communication of climate anomalies to numerous user audiences. Many indices have been developed to identify and quantify drought events based on different types of variables [4] . e Standardized Precipitation Index (SPI) is one of the most applied indices to analyze meteorological drought [5] as most other indices demand a number of other parameters other than rainfall. SPI was developed by McKee et al. [6] primarily for defining and monitoring droughts at different time scales. e main advantage of the application of this index is its versatility. SPI uses only rainfall data to deliver five major dimensions of a drought, i.e., duration, intensity, severity, magnitude, and frequency. Also, based on SPI, drought can be calculated at different time scales [3] , and it can also be considered as an agricultural drought indicator [7] . A number of published studies are available in the literature on the use of SPI in assessing drought intensity in many countries [4, 8, 9] . However, application of SPI to assess the drought during recent past over entire Sri Lanka has not been reported in the literature to the best of authors' knowledge.
Sri Lanka is an island at the southern tip of India with a land area of nearly 65,610 km 2 and population of 21.4 million [10] and is divided into three climatic zones, i.e., dry, wet, and intermediate, based on the total annual rainfall [11] . According to the Global Climate Risk Index 2019, Sri Lanka became the most affected countries along with Puerto Rico and Dominica [12] . us, Sri Lanka is extremely vulnerable to climate change impacts. In terms of people affected and relief provided, drought has been the most significant hazard in Sri Lanka, and Sri Lanka also serves as a case study in tropical regions for analysis of drought hazard and risk assessment [13] . Drought has affected many parts of the country intermittently as one of the serious natural hazards in Sri Lanka [14] . It is reported that 2001 drought severely affected dry and intermediate zone of the country while Hambantota area experienced prolonged severe drought during 2001 to 2002 [15] . Prolonged drought occurred in 2001-02 led to 1% drop in the GDP growth rate in the country by particularly affecting hydropower generation and agriculture sector [13] .
Drought studies in Sri Lanka so far have particularly focused on analysis of the spatial variations [16, 17] , severity and duration of drought mostly in part of the country [18] , and spatial extent and temporal evolution of drought [19] . Most of these studies are in relation to dry zone areas of Sri Lanka. However, Lyon et al. [13] studied the relationship between SPI and drought relief payments in the country and found the strongest relationships with a 9-month cumulative drought index. Herath et al. [20] analyzed monthly rainfall data using SPI to identify possible drought conditions only for the year 2015.
Moreover, it is rather rare to find drought trend analysis over entire Sri Lanka. It is worth to investigate the trend of drought over the entire country specially for drought mitigation and agricultural planning. It is also projected that most of the districts in the dry zone in Sri Lanka will face severe seasonal or year-round water scarcity by 2025 with present level of irrigation efficiency [21] . Hence, this paper analyzes the severity, frequency, and trend of meteorological drought over Sri Lanka during the recent past (1970 to 2017) using 48 years of rainfall data at 54 stations.
Material and Methods

Description of Data.
Monthly precipitation data of 48 years (1970-2017) were collected from 54 meteorological stations (Table 1 ) from the Meteorological Department of Sri Lanka. e Meteorological Department of Sri Lanka is the nodal agency in Sri Lanka to record, quality check, and archive all meteorological data. e monthly rainfall values used in the study were prepared by the Meteorological Department of Sri Lanka, and data quality is maintained by them [22, 23] .
Although there are only 54 stations used in this study, the stations are well distributed across the three climatic zones, i.e., dry, intermediate, and wet zones, of Sri Lanka ( Figure 1 ) and hence adequately showed the climatic spatial variability in the country. ere were missing values in few stations, and Table 1shows the missing values as a percentage, and missing values were filled using the regression and normal ratio method.
Meteorological Drought Analysis.
Standardized Precipitation Index (SPI) was used to evaluate the drought both the short-term (3 and 6 months) and the long-term (12 months) time scales. In order to calculate the SPI index, for each time scale, the variability of precipitation totals is described by a gamma distribution and then transformed to a normal distribution [6] . e gamma distribution is defined by its frequency or probability density function:
where a and β are the shape and scale parameters, respectively, x is the precipitation amount, and Γ(a) is the gamma function. Maximum likelihood estimations of a and β are
where n � number of observations. e subsequent parameters are then used to find the cumulative probability of a recorded precipitation amount for the given month and time scale for the given location. Since the gamma function is undefined for x � 0 and a precipitation distribution may contain zeros, the cumulative probability is computed as
where q is the probability of zero precipitation and G(x) is the cumulative probability of the incomplete gamma function. e cumulative probability H(x) is then transformed to the standard normal random variable z with mean and variance of zero and one, respectively, which is the value of the SPI [24] .
Analysis was done in different time sequence, and time duration October to September was used as the hydrological year (SPI 12 ), and October to March and April to September were used as 6-month time scale (SPI 6 ) as these periods are cropping seasons of Maha and Yala, respectively, in Sri Lanka. October to December, January to March, April to June, and July to September were used as 3-month time scale (SPI 3 ). Calculated SPI values were compared with the SPI classification values for dryness/wetness category to indicate the status of the drought ( Table 2 ).
Drought Frequency Analysis.
Drought frequencies were calculated for dry, wet, and intermediate zones separately. For this purpose, average rainfall for three climate zones was calculated separately using the iessen polygon method first. en, these average rainfall was used in computing SPI for three climatic zones separately and the resulted SPI was used in frequency calculation. For this frequency calculation, the drought was defined as SPI < 0 [25] . Also, the frequency of occurrence of drought events more or less than 50% was calculated based on the calculated SPI in each station. 
where n is the number of data and x is the data point at times i and j (j > i). e variance of S is as follows:
where t i is the number of ties of extent i and m is the number of tied groups for n larger than 10. e Mann-Kendall test would moreover confirm the existence of a positive or negative trend for a confidence level of 0.05.
Finally, Şen's method [28] was applied to estimate the true slope of a linear trend. To derive an estimate of the slope, Q, the slopes all data pairs are calculated as follows:
where x j and x k are data values at time j and k. e median of the N values of Q i is Sen's estimator of the slope [29] . However, for autocorrelated data, the modified Mann-Kendall test by Hamed and Ramachandra Rao [30] was used in this study by checking the lag one autocorrelation. is method is robust in presence of autocorrelation and is based on modified variance of the MK test.
As the MK test indicates only the trend direction, magnitude of the trend was detected using Sen's slope estimator. If a linear trend is present in a time series, then the true slope (change per unit time) can be estimated by using a simple nonparametric procedure developed by Sen [28] . Sen's slope for a monotonic increasing or decreasing time (t) series f(t) is computed as
where Q is the slope of the trend f(t) and B is the intercept.
To determine Q in equation (7), slopes between each data pair are calculated using the following equation:
If there are n values of x j in the time series, then there will be N � n(n − 1)/2 slope estimates of Q i . Sen's estimator of slope is the median of these N values of Q i .
Results and Discussion
Meteorological Drought Analysis at Different Rainfall Stations Using SPI.
Being an island of 65,610 km 2 , the climate of Sri Lanka is represented well by spatially distributed 54 rainfall stations, and we assessed drought events in 54 meteorological stations using SPI at 3, 6, and 12 months' time scales using 1970-2017 rainfall data.
Annual rainfall of each of the 54 stations was subjected to SPI analysis, and we identified nine hydrological years 1975-76, 1982-83, 1986-87, 1988-89, 2000-01, 2001-02, 2003-04, 2013-14 , and 2016-17 as drought years (SPI < − 1) for 52, 32, 35, 33, 33, 31, 30, 31 , and 31% of tested stations, respectively ( Figure 2 ). Among them, the 1975-76 hydrological year showed the maximum number of drought events in different stations (52% of stations) than other years (Figure 2) .
Previous studies showed 2014 [18] and 2001-02 [13] as drought years in Sri Lanka. Impact of disasters in Sri Lanka published in 2016 [31] reported severe drought events in 2001, 2004, 2012, and 2014. us, SPI analysis confirms these Figure 1 : Geographical distribution of meteorological stations used in the study.
historical drought situations over the country though SPI uses only rainfall as an input.
If the SPI values are below − 2.00, then those events are referred to be extreme drought events [6] . Accordingly, the year 1975-76 can be considered as extreme drought year for eight out of 54 stations (Figure not Analysing these extreme drought events is of great importance for the design and management of water resources systems. Figure 3 shows the occurrence of drought events (SPI ≤ − 1) during Yala and Maha seasons in Sri Lanka during 1970 to 2017 as a percentage considering 54 rainfall stations. Comparatively, more number of stations showed the occurrence of drought events during Yala than Maha cropping seasons ( Figure 3 ). Moreover, there is moderate (− 1.50 ≤ SPI < − 1.00), severe (− 2.00 ≤ SPI < − 1.50), or extreme drought event (SPI < − 2.00) during Yala season of 1970-71, 1985-86, 1993-94, 1999-00, 2010-11, and 2012-13 hydrological years. Main rain source during this time is Southwest Monsoon (SWM), and frequent occurrence of drought events during these seasons indicates the uncertainty and variability of rainfall during SWM. is study confirms that Yala cropping season is more prone to drought than Maha season. In general, there is relatively low rainfall during the Yala season compared to the Maha cropping season [32] in Sri Lanka. Furthermore, it is shown that average seasonal rainfall in Kurunegala, Anuradhapura, and Polonnaruwa districts during the Yala was in decreasing trend over 1982 to 2012 period [33] . Rainfall trends of the Southwest Monsoon (SWM) which is the Yala season were also shown to be deceasing in trend over Sri Lanka during 1981 to 2010 [34] . ese drying tendencies during Yala season may result in more number of drought events even in future during Yala season. However (Figure 4) . Chesterford, Colombo, and Diyabeduma stations located in wet zone of the country showed more drought events than other stations during October-December (SPI 3 ) time scale. As Maha cropping season (September to March) starts during this time, the crop water requirements increase specially for paddy field preparation. Similarly, drought in 50, 70, 37, 87, 76, and 57% of tested stations were found during the hydrological years 1971-72, 1979-80, 1981-82, 1982-83, 1991-92 , and 1996-97, respectively, for SPI at January-March time scale (Figure 4 ). e number of drought events was higher for both Badulla and Kaluthara stations during this period. SPI at April-June time scale identified years 1975-76, 1982-83, and 1999-00, 2011-12, and 2016-17 as drought years for 43, 39, 39, 52, and 33% of tested stations, respectively. For April-June time scale, Hambantota station showed more drought events than other tested stations. April to August is generally the Yala cropping season to the country, and occurrence of drought situation during this season is likely to influence the food security of the country. Hydrological years 1975-76, 1977-78, 1989-90, 2001 -02, and 2015-16 were found as drought years with 41, 39, 39, 54, and 83% of tested stations showing drought, respectively, during July to September time scale (Figure 4) showed the SPI values below zero, while 26 out of 54 stations showed the occurrence of extreme drought events during the end of the Yala season. Also, both Kalawewa and MahaIluppallama stations showed more drought events than other tested stations during the July-September time scale during the last 47 years. < 0) in the Climatological Zones of Sri Lanka. Considering the calculated iessen polygon average rainfall for wet, dry, and intermediate zones, frequencies of occurrence of drought events in the climatological zones were separately calculated based on 6-month and annual SPI time scales. Accordingly, there were more frequent drought events that occurred in the dry zone (57%) than the wet (49%) and intermediate zone (47%) at the annual time scale ( Figure 5 ). At 6-month time scale, there were more frequent drought events that occurred in the dry zone (55%) than the wet (49%) and intermediate zone (53%) during October-March (Maha season) time scale (Figure 5) . During April-September (Yala season) time scale, both dry and wet zones showed a similar frequency of drought (48%) but it was less than the intermediate zone (51%) ( Figure 5 ).
Frequency of Occurrence of Drought Events (SPI
Trend Analysis of SPI for Rainfall Stations.
We used the most commonly used Mann-Kendall test (MK) with Sen's slope estimator to detect the trend of meteorological drought in annual and 6-month SPI time scales during 1970 to 2017 over Sri Lanka. Figure 6 shows only the significant trend results of the Mann-Kendall test for annual and 6-month time scales (Maha and Yala).
Trend analysis of SPI at annual scale revealed decreasing trend of SPI only at two stations (Avissawella and Pavatkulam) exhibiting significant decreasing trend. However, 12 stations exhibited wetting tendency showing significant increasing trend for annual SPI. us, considering overall trend over the country, the country witnesses wetting Advances in Meteorology tendency (decrease in drought events) in terms of SPI 12 ( Figure 6 ). Most of these stations showing wetting tendencies are located in dry zone of the country except Chesterford, Geekiyanakanda, and Matale. Nisansala et al. [35] analyzing the rainfall trend at 37 stations during the recent 31 years (1987-2017) showed an increasing annual rainfall trend over the country and further they showed a significant increase at four stations located in the dry zone, but only one station in the wet zone. Considering SPI 6 during Yala season, significant decreasing trends were observed in 5 stations, whereas none of the stations recorded decreasing trend during Maha cropping seasons. Only 3 stations showed significant wetting tendencies during Yala seasons, but 13 stations out of 54 stations displayed significant increasing trend (wetting) during Maha seasons in Sri Lanka during 1970 to 2017. ese results indicate that rainfall during Yala seasons is in decreasing trend while it increases during Maha seasons. Wickramagamage [34] also showed a decreasing trend of SWM which brings rainfall during Yala season to the entire island and observed comparatively increasing trend during NEM (January to February) from a study conducted for the period 1981 to 2010.
To understand the spatial variation of drought trend at annual SPI time scale, Sen's slope values were interpolated for the entire country using Ordinary Kriging in ArcGIS [35] .
Previous studies have revealed that droughts are related to cyclic global teleconnections such as El Nino Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) [36, 37] . For example, De Silva and Hornberger [38] showed that there is high probability of occurrence of drought when both IOD and MEI (multivariate ENSO index) are positive and nonoccurrence of drought when both IOD and MEI are negative [38] . However, understanding the spatial variation of drought and their trends and frequency as recorded in the present study is also useful for the water resources planning in the country. Water resources and agricultural planners need to analyze cyclic teleconnections, drought trend, and frequency in developing water resources and allocation of water for different sectors and planning crops for different zones of the country for the food security. 
Conclusions
SPI was calculated at different time scales, but the analysis showed that more drought events (SPI ≤ − 1) occurred at April-September time scale (Yala season) than the 3month, 6-month (Maha season), and annual SPI time scales. During 1975-76 hydrological year, 52% of stations showed drought more than other years while 8 out of 54 stations showed extreme drought events during annual SPI time scale. Drought analysis based on crop season, there were moderate, severe or extreme drought events occurred in 1970-71, 1985-86, 1993-94, 1999-00, 2010-11, and 2012-13 hydrological years during Yala season (April-September) only. During July-September SPI time scale, all the stations during the 2015-16 hydrological year showed the SPI values below zero while 26 out of 54 stations showed the occurrence of extreme drought events. Based on iessen polygon average rainfall, there were more frequent drought events in the dry zone (57%) than the wet (49%) and intermediate zones (47%) at the annual time scale. According to annual SPI time scale, stations in dry, intermediate, and wet zones showed more than 50% of the frequency of drought events at 72, 71, and 68% of stations, respectively. During Maha season, stations in dry and intermediate zones showed more than 50% of the frequency of drought events at 76% and 58% of stations, respectively, while the wet zone showed less than 50% of the frequency of drought at 59% of stations.
Based on the Mann-Kendall trend test, Allai, Avissawella, Chilaw, Hingurakgoda, and Nuwara Eliya stations showed a statistically significant decreasing trend during the Yala season. e spatial variation of drought trend showed that part of the dry, wet and intermediate zone located in Western and South-western getting dryer. Particularly, dry and part of the intermediate zone are getting dryer during the Yala cropping season. e results of this study suggest an immediate drought mitigation plan for drought-prone areas, especially for the Yala cropping season, for the reduction of the disaster of droughts.
Data Availability e data are available at the Meteorological department of Sri Lanka data portal.
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